Phase separation and crystallization in undercooled Pd-Si melts. by Lee, Ka-lun & Chinese University of Hong Kong Graduate School. Division of Physics.
Phase Separation and Crystallization 
\ in Undercooled Pd-Si Melts 
Ph. D. 
Lee Ka-lun 
The Chinese University of Hong Kong 
； 1996 
Phase Separation and Crystallization in Undercooled 
Pd-Si Melts 
f \ /" A 牮 
Jr y r. ‘ ‘ 4 , t ^ 斤 ^ ^ ^ ^ 
\ ； ^  ；1 
:: by 
Lee Ka-lun 
I J ( 4 容 辦 ） 
A Thesis Submitted in Partial Fulfillment 
of the Requirements for the Degree of 
Doctor of Philosophy in Physics 
The Chinese University of Hong Kong 
June 1996 
|s( 1 o m m )達I 
UNIVERSITY”~iM/ 
N^ gSllBRARY SYSTEMX^ 
• • • I • • • 
Acknowledgments 
I would like to egress my deep gratitude to my advisor Dr. Kui hin-wing for 
his excellent guidance and constant encouragement. I have learnt so much from him. 
I would like to thank Dr. Xiao jian-zhong and Mr. Yang hua for their 
invaluable support and advices. 
I should also thank Mr. Yuen cheong-wing, Mr. Chua lai-fei and Mr. Leung 
kwok-kuen for their kind support and useM discussions. 
Finally, I deeply thank my wife. 
ii 
Abstract 
Pd80Si2o melts purified by glass fluxing technique could be undercooled (at a 
rate of 8 K/min) substantially below the liquidus Ti and crystallized at different 
undercoolings AT's, defined by AT = Ti - Tk where Tk is the kinetic crystallization 
tenq>erature. The microstructuies of these undercooled specimens exhibit phase 
separation in the undercooled liquid state. 
Three undercooling regimes can be identified according to the microstructures 
of the specimens. For AT < 190 K, the microstructure is typically large dendritic 
precipitates of Pd3Si with eutectic background of Pd5Si and Pd. For 220 K > AT > 
190 K, spherical grains of Pd3Si ( � 3 0 |Lim) are found in a matrix of Pd5Si. Pd 
prec^itates are scattering all over the specimen. For AT ^ 220 K, a fine 卜 1 \xm) 
connected structure with two sub-networks of Pd3Si and PdsSi was located. Small Pd 
precipitates are found inside and at the edges of the PdsSi sub-network. There is a 
sharp change in dimensions of the microstructures across AT = 220 K Since the 
crystalline phases in the intermediate and largest undercooling regimes are the same 
aad the cooling rate is slow, grain�refinement is not possible. Therefore, the 
connectivity in microstructure cannot be brought about by coarsening. It is concluded 
that phase separation has ocuired in the undercooled liquid state. Accordingly, tlie 
largest undercooling regime corresponds to liquid spinodal deconq>osition and the 
intermediate undercooling regime corresponds to liquid phase separation by nucleation 
and growth. 
iii 
The crystaUization of the spinodal decomposed melts of PdsoS^j was then 
studied in detials. Since spinodal decorrq)osition is a spontaneous reaction, the melts 
undercooled more than 220 K always crystallize to form a fine connected structure of 
Pd3Si and PdsSi. The microstractures indicate that the crystallization of the Pd3Si sub-
network precedes and triggers the crystallization of Pd5Si sub-network. After 
solidification, the original isotropic spinodal morphology of the melt is basically 
preserved in the crystalline state but partially distorted by the aligning effect due to 
volume contraction and the coarsening effect due to the latent heat released during 
crystallization. 
The phenomenon of liquid phase separation was also observed in the 
undercooled melts of P d 4 0 . 5 N i 4 0 . 5 P 1 9 alloy. The liquid state phase separation by 
nucleation and growth takes place for AT ^  60 K while that by spinodal deconqjosition 
occurs for AT > 100 K For 60 ^ AT ^ 100 K, microstructures indicate that it is the 
no-theory regime. For AT < 60 K, two dendrites systems are found in the 
microstructure, which are PdsoNL^s dendrites surrounded by a ternary eutectic and 
Pd4oNi6o dendrites surrounded by a binary eutectic. For AT > 100 K, during liquid state 
spinodal deconq)ositioii，a system consists of two liquid networks appears initially, 
which is replaced subsequently by a system of three liquid networks. After 
crystallization, it gives a fine ( � 0 . 2 |jm) network structure of three interconnected 
phases with compositions Pd3sNi4oP25, Pd4oNi6o and Pd7oNigP22. 
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1.1 Phase Separation in Glass-Forming Alloys 
1.1.1 Metallic Glass 
An amorphous or non-crystalline solid is a rigid material whose structure lacks 
crystalline periodicity, that is, the pattern of its constituent atoms or molecules does 
not repeat periodically in three dimensions. Materials of every bonding type can be 
quenched into amorphous state; some typical examples are the covalent bonded Si02， 
the metallic bonded Au8oSi2o and the polymeric bonded polystyrene. There are many 
different techniques that can be used to produce amorphous materials, for example, 
meh-queaching, vapour deposition, sputtering and etc. Glass is a major type of 
amorphous solid which is prepared by melt-quenching method. Since our research 
mainly concerns with metallic glass, we shall briefly introduce the concepts about glass 
formation in the following. 
When a liquid is undercooled below its melting tenq>erature Ti，it enters a state 
of metastable equiUbriuia If the thermodynamic barrier to crystallization can be 
overcome, the liquid will crystallize. OtJierwise, it remains in metastable equilibrium 
below Ti and continues to contract at a high rate. At lower ten^eratures，the atomic 
mobility of the liquid decreases while its viscosity r\ increases until it becomes a solid 
at T| > 1015 poise (r\ =^ 1015 poise is the criteria distinguishing solid and liquid). The 
solid as formed is a 'frozen liquid', called glass, which lacks long range order. This 
kind of solidification by continuously hardening a liquid is called glass formation. The 
corresponding tenq>erature at vMch ” = 1015 poise is the glass transition tenqjerature, 
Tg. Glass transition is generally accoir^amed with abrupt changes in thermal 
e邓紐sion coeficient and specific heat capacity. 
2 
The crucial requirement in forming a glass is to suppress crystallization during 
quenching. The usual method to achieve it is to increase the quenching rate. The ease 
of glass formation of a material is indicated by the critical cooling rate required to 
quettch it into a glass. M principle, any material can be quenched into a glass at a &st 
enough rate. For a pure metal, the critical rate is estimated to be about 1012 K/s. In 
alloys，the critical cooling rate is reduced to about 106 K/s. There are many fectors that 
affect the glass-fomiing-ability of alloys. One of the most inq)ortant rules is to look for 
deep eutectic systems. Hie favourable factor is that the melting point near the eutectic 
composition is very deep and so the metastable liquid is less undercooled at Tg , 
thereby reducing the possibility of crystallization. Indeed, Marcus and Tumbull [1] 
proposed that the scaling parameter for glas&-forming-ability is Tg/ Ti, 
1.1.2 Phase Separation in Metallic Glasses 
In most of the metallic glasses formed by melt-quenching, inhomogeneities are 
found only down to a scale of a few A. Therefore, most metallic glasses are regarded 
as homogeneous with short range order, but lack long range order. On the other hand, 
phase separation in the glass state or amorphous phase separation has been reported in 
a number of melt-quenched metallic glasses on annealing near Tg, for exanq)le，in 
PdygAi^ Siie [2]，Cu59Zr41 [3] and La55Al25Ni20 [4]. Lideed, in Ti24Zr36Be40 [5] and 
Pb22.5Sb22.5Au55 [6], the as quenched specimens display two interconnected amorphous 
phases. 
All the alloys mentioned above are eutectic systems, vAuch &vour g}ass 
formatioii. An eutectic system, by definition, is a system in which like species tend to 
cluster together unlike kinds are less attracted to each other. The clustering 
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effect in the solid state of a binary eutectic system results in partial miscibility between 
two solid phases in the phase diagram For the liquid state of the same system, we 
would 卿 ect the same clustering effect if the character of the bondings is qualitatively 
the same in both the solid and liquid state. However, the much larger entropic 
contribution in the free energy of the liquid state always forces complete mixing of the 
contituent species in the liquid at high ten^eratures. It is only at very low tenq>eratures 
that the entropic contribution diminishes and liquid immiscibility appear (because the 
entropic contribution in the free energy is weighed by tenq>erature : G = H - TS). 
Hence, a liquid miscibility gap should lie in the undercooling regime in an eutectic 
gystem, near the eutectic conq>ositioii. 
Kinetically, phase separation still requires sufficient time and atomic mobility to 
process. In the preparation of metallic glass by melt-quenching method, the cooling 
rate is probably too fast for phase separation to happen. Hence in most cases we obtain 
I 麗 homogeneous glasses. Then if we anneal the homogeneous glasses around Tg，they 
become kinetically relaxed and phase separation may occur. These account for the 
v 
phenomenon of phase separation observed in the metallic glasses in Ref. [2-6]. 
1.1.3 Phase Separation in the Undercooled Melts of Glass-Forming Alloys 
Recently, Busch [7] even found evidence of decomposition in the undercooled 
melt during the formation of the metallic glass Zr4i.2Tii3.8Cui2.5Niio.oBe22.5. Indeed, we 
suggest that there exists a metastable liquid miscibility gap in all glass^formiiig eutectic 
systems at low enough ten^eratures. To study this miscibility gap, the method of rapid 
mek-queacbiag used in the preparation of metallic glass may be too &st for the 
completion of the Uquid phase separation in tbe undercooled state, for at a cooling rate 
4 
3 of 106 K/s, a melt has been exposed to the undercooling regime for only �10_ s. To 
attain high undercoolings of molten metals at a slower cooling rate，a fluxing technique 
is most appropriate. It was demonstrated repeatedly that by fluxing molten metals or 
alloys with molten anhydrous boron oxide, they can be undercooled substantially 
below their melting points or liquidus. M this way, Pd4oNi4oP2o can be undercooled to 
its glassy state with a cooling rate of 0.75 Ks"1 [8] and molten Ge can be undercooled 
by 342 K below its melting point with a cooling rate of 6 Kmin 1 [9]. Li this thesis, this 
fhixing technique was applied to molten Pd8oSi2o and Pd40.5Ni40.5P19 alloys to achieve 
high undercoolings at a slow cooling rate in order to determine the transition 
ten^eratures of the metastable liquid miscibility gap. Pd8oSi2o and Pd40.5Ni40.5P19 are 
chosen for they are eutectic alloys and evidences of phase separation near Tg have been 
reported in both cases [2,10]. 
1 1.2 Theory of Phase Separation 
1.2.1 Thermodyaairiics of Phase Separation 
Li this section, we introduce the theory of phase separation in the systems 
她 o s e free energy plotted against composition can be described by a single smooth 
curve, for exan^le, the systems of alloy in the liquid state. 
Phase separation is originated from a region of negative curvature in the free 
energy diagram plotted against conq)osition. This can happen only in systems with a 
positive entha^y of mixing. Consider the sutler case of a binary system with a 
positive entha^ly of mixiag. The free energy of the binary solution of atoms A and 
atoms B can be written as 
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G = GACA + GBCB + AGM = GO + AGM (1) 
她 e r e CA and CB are the atomic fractions of the atoms A and B，G0 is the sum of the 
free energy of pure A and pure B and AGm is the free energy contributed by mixing A 
and B: AGm is conq>osed of 
AG^AHn-TASm (2) 
where AUn is the entha^)y of mixing and ASm is the entropy of mixing. At high 
ten^eratures, the entropic contribution forces conq)lete mixing of the constituent 
atoms and a homogeneous phase is ejected. The corresponding free energy curve is 
shown in Fig. 1. However, when the tenq>erature is low enough, then the positive 
enthalpy of mixing dominates, resulting in phase separation. The free energy of an 
originally homogeneous phase a would be lowered by 8G if it deconq>oses into aa and 
otb as shown in Fig. 2. If the concentration of the initial homogeneous phase lies within 
region I bounded by the points of inflexion as shown in Fig. 3，a local fluctuation in 
concentration would lower the free energy by 8G. Therefore, a homogeneous phase in 
region I would spontaneously decoirpose (spinodal deconq)osition) by diffiision into 
the two phases aa and 0¾. Chi the contrary, a homogeneous phase in region II is locally 
stable as a fluctuation in concentration would raise its free energy. Therefore, in region 
Da, nucleation and growth of a second phase 0¾ is required to bring about phase 
separation (the situation is the same for H,). The two final phase separated phases are 
also aa and otb: 
This kind of free energy curves for different tenq)eratures combine to form a 
miscibilky gap in the phase diagram as shown in Fig. 4. Therefore, when a 
homogeneous system is cooled down into region H in the phase diagram, it would 
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phase separate by nucleation and growth; if a homogeneous system is quenched into 
region I, it would undergo spinodal deconq>osition. In both cases，the compositions of 
the two final phase separated phases are marked by the miscibility gap at that 
ten^erature. 
1.2.2 Phase Separation by Nucleation and Growth 
An initially homogeneous system lying in region II in Fig. 3 would phase 
separate to lower its free energy by nucleation and growth. The process of nucleation 
and growth is the formation of a small nucleus of a new phase in the mother phase 
(nucleation) and the subsequent growth of the nucleus by advancement of the newly 
formed interface (growth). For instance, if the initial system of con^osition aG lies in 
region na, it would not spontaneously deconq>ose into phase aa and 0¾ because of the 
energy barrier. The phase separation would begin by forming small nuclei of phase ab 
in the mother phase aG. Then the nuclei would grow larger and larger by diffusioii 
through the interfece vdiile the conqjosition of the mother phase a c would approach 
that of phase aa. This ends up with a mixture of the two phases aa and 0¾ with their 
ratio determkied by lever rule. Consequently, the microstructure of the resulting phase 
separated specimen would consist of 'islands' of phase 0¾ scattering in a 'sea' of phase 
a a . Hence, for liquid phase separation by nucleation and growth, we would expect 
droplets of phase 0Cb distributing in a sea of phase aa. 
The process of nucleation and growth requires activation energy for creating 
the inter&ces between the nuclei and the mother phase. Presence of impurities will 
lower this activation energy. Hence, in our study of liquid phase separation, if the 
7 
印ecimen is clean enough, the undercooled liquid would bypass the liquid phase 
separation by nucleation and growth and directly reach the liquid spinodal region. 
1.2.3 Cahn's Theory of Spinodal Decomposition 
The development of the composition profile during phase separation is shown 
schematically in Fig. 5a for the case of nucleation and growth and Fig. 5b for the case 
of spinodal decon^osition. Cahn [11，12] had made a successful derivation of the 
spinodal deconq>osition which results in a con^osition evolution as shown in Fig. 5b. 
Li the following paxagraghs, Cahn's derivation, described in Hilliard's article [13], will 
be introduced in detail. However, the effect of elastic strains is ignored for we are 
dealing with liquids. For mathematical siicqplicity, the treatment is restricted to one 
dimensional problem. 
Li the binary system of atoms A and B, the fluxes of atoms JA and JB are 
proportional to the gradient in chemical potentials, 
d x � (3) 
I: JB 二一 NvCVB 警， 
where V's are the velocities of the atoms under a unit potential gradient，ill's are the 
chemical potential per atom, Nv is the number of atoms per unit volume and C is the 
atomic fraction of B. We can always choose a moving reference plane (Matano 
interface) at which the total net flux is zero. In such a frame the flux of atoms B is 
I J = V - C ( J A + J B ) = - N V C [ V B F ^ | - V A F ^ | \ 
L J v 叔 y j 
I = -NvC(1-C){[(1-C)Vb + CVJ [ ^ 1 - ^ 1 1 + ( ^ + 
{ l\ ox J V ^ yJ L v ^ / V 叔 Jx 
8 
Assuming Gibbs^Duhem equation applies, that is, 
( 1 - 0 ) 3 ^ + 031^ = 0. (4) 
Therefore the second term in the last expression of J is zero, giving 
j : 一 M N V I ( ! I B - | I A ) (5) ox 
where M is the mobility defined by 
M = C(1 - C)[(l - C)VB + CVJ . (6) 
For a homogeneous system, 
！ N V O X B - � ) = | | : (7) 
where g is the free energy of the system per unit volume. However, for the 
decon^osiiig systems that we are interested in, the atoms will be aware of the 
con^ositional inhomogeaeity of their enviroment. This leads to a modification in the 
chemical potential: 
The addition of the last term can be e邓lained as follows. For a region where the 
32C 
coirq)osition of B has a positive curvature, -^-y，a B atom will have more B atoms in 
its surroundings than the homogeneous case. For systems with positive interaction 
energy between unlike atoms (positive enthalpy of mixing), this will give a lower 
chemical potential of B than the homogeneous case. Therefore, it is necessary to 
a2c 
deduct from - MA) a term proportional to the curvature when the coirq)ositioii 
9 
of the system deviates from homogeneity. Li fact the deviation from homogeneity can 
be regarded as the formation of a difiKise interface between two phases. Hence, the 
32C term r- can be associated with the excess free energy contributed by such an 
3x2 
interfece. Then, substituting the last equation into the equation of J，we get 
d f d s ^C) d fdg) 33C 
yg dc d3c 
dc2 dx dx3 
I • 
The conservation equation becomes 
I 一 箜 = — 丄 ^ 昱 “ “ 化 一 汉 到 . (10) 
at N v dx Nv 3x2 3x4 J 
This equation has a sinusoidal wave solution: 
I C - C � = eR(p)tC0SpX (11) 
where the an^Mcation factor 
M R(P) = -^-P2(gM + 2 KP2V � （12) 
JN V I . 
When the composition of the system lies within the points of inflexion of the free 
1 o . 
energy curve as 也own in Fig. 3, g' • is negative. For negative g"，the value ofR(p) is I , 
plotted in Fig. 6. It has a maximum value at P™. Since the maximiun is very steep and 
it occurs in the e邵 onential anq>litude of C - Co, the growth of the sine wave solution 
with wavelength corresponding to Pm would be selectively anq)Med and all other 
wavelengths can be ignored. Therefore, the evolution of the concentration can be 
I described by 
纖 . • ‘ 
C-C 0 = eR(Pm>tcospmx (13) 
10 
vs/hero 
v p . 4 - ^ 1 • (1 4) 
2 v 
The time dependent behavior can be pictured by Fig. 5b. 
In three dimensional space，Cahn [14] had simulated the morphology of the 
spinodal decon^osition of an isotropic material for C0 = 0.5 by the superposition of 
100 random (in direction and phase) sine waves with wavelength X. The cross-section 
of the resulting structure is shown in Fig. 7. It is clear that the connectivity of the two 
phases is the characteristic of an isotropic spinodal structure with the two phases 
having approximately the same volume fractions. (However, interconnectivity cannot 
be regarded as a sufficient proof of spinodal decomposition because Seward, Uhlmann 
and Tumbull [15] have shown that discrete particles can become interconnected by 
coalescence.) 
S Cahn's theory is a successM theory for spinodal deconq>osition. In case of 
solid state, Cahn introduced a term of elastic strain and estimated the correct order of 
the wavelength (-100 A) of the spinodal structure. The spinodal morphology in Fig. 7 
is also practically observed in isotropic systems. Therefore, in our study of phase 
separation in metallic liquid, the spatial morphology in Fig. 7 together with the 
con^osition evolution in Fig. 5b can be used as the guidelines for describing the 
spinodal decon^osing process. 
1,3 Experimental Method to Achieve High Undercooling 
11 
M order to study the metastable liquid phase separation in glass-forming 
eutectic alloy, it is desirable to undercool the alloy melt slowly to way below its Ti. 
However, due to the presence of in^urities, most often it solidifies immediately below 
T“ The crystallization begins with the formation of very small solid particles and then 
they grow larger and larger until consuming all the liquid (the process of nucleation 
and growth). Normally, the wall of the liquid container and solid in^urity particles in 
the liquid catalyse the crystallization at undercoolings of a few degree K below Ti. In 
order to achieve high undercoolings at slow cooling rates, we enq>loy the boron oxide 
fluxing technique [16] to remove the in^urities and hence suppress the heterogeneous 
nucleation. In this section, we shall describe this method used to undercool the melt of 
Pd-Si alloy. 
Pd-Si ingot of � l g was prepared from pure elemental Pd and Si ingots. After 
weighing in right proportion, they were put into a clean fused silica tube and alloying 
was brought about by radio frequency (rf) induction heating. 
M the ejqjeriment, an as prepared specimen was put into a clean &sed silica 
tube together with pieces of anhydrous B203 ingots. The fiised silica tube had been 
cleaned beforehand by filling it with HF and H N O 3 in a ratio of 2:3 for 1 0 min to 
remove the infinities on the mner surface. The specimen and the anhydrous B2O3 
were melted inside the tube by a torch under a vacuum of � 1 0 - 3 Torr. The system was 
then heated up to � 1 3 0 0 K to fecilitate the removal of inqjurities from the molten 
specimen. At such a high tenq>erature9 reactive metals such as Mg，A1 and Ca etc. that 
appear as inqpurities would eventually be oxidized since they have strong affinity for 
oxygen. All these oxides would finally be segregated to the specimen-boron oxide 
inter&ce due to gravity segregation and then dissolved by the boron oxide. Other 
12 
infinities can be deactivated by dissociating in the molten specimen at such a high 
tenq>erature., 
After the heat treatment, the whole system was transferred into a Transten^ 
foniace. The schematic diagram of the set up is shown in Fig. 8. The Transte卿 
fiunace consists of two concentric fixsed silica tubes. A heating coil is wound around 
tiie inner tube while the outer one is plated with a thin layer of gold on its inner 
surfece. Since the gold layer is very thin, any visible change on the specimen surfece 
can be observed directly. The tenq>erature of the specimen was recorded by a 
thermocouple which was sheathed by a smaller clean fixsed silica tube and touched the 
specimen. The thermocouple was connected to an X-T recorder. Mtially, the fiiniace 
霧： . 
was set at a tenq>erature above the liquidus of the specimen. We waited for 15 min for 
EIBP^  
the establishment of thermal equilibrium between the molten specimen and the fiirnace. 
： 
Then the fiiinace was allowed to cool down at a rate of 8 K/min. As soon as the 
I ？寒：... . 
thermocouple recorded the peaks due to the release of heat of crystallization, the fiised 
silica tube holding the specimen was taken out of the fornace and was allowed to cool 
down in air. By this method, a Pd8oSi2o alioy melt can be undercooled by as much as 
300 K below Ti at the cooling rate of 8 K/min. 
I I 
The specimens crystallized at different undercoolings were cut, polished and 
etched in an etchant of HC1:HN03:H20 = 5:1:3.The microstructures were then studied 
by optical microscopy, electron micrscopy and EDX analysis. 
13 
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Phase separation in undercooled molten PdsoSi2o 
KL.LeeandH.W.Kui 
Department of Physics，The Chinese University of Hong Kong 
Shatin, N.T., Hong Kong 
Abstract 
Three different kinds of morphology were found in undercooled Pd8oSi2o and 
they appear at different undercooling regimes. M the least undercooling regime, 
AT < 190 K, the microstructures are typically dendritic precipitation with eutectic 
background. In the intermediate undercooling regime, spherical morphologies which 
arise from nucleation and growth mode is found. There are Pd precipitates scattered all 
• 
over the undercooled specimen. In the largest undercooling regime, a connected 
structure conq)osed of two sub-networks was located. There is a sharp decrease in the 
dimensions of microstructures as one moves from the intermediate to the largest 
• 
undercooling regime. Since the crystalline phases in the intermediate and largest 
undercooling regimes are the same and tEe cooling rate is slow, grain refinement is not 
possible. Therefore the connectivity in microstructure cannot be brought about by 
coarsening. It is concluded that phase separation has taken place in undercooled 
• Pd8oSi2o. Furthermore, according to the crystallization behavior, the phase separation 
has occurred in the undercooled liquid state. 
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Introduction 
By definition, the like species in a eutectic alloy attract each other while the 
unlike kinds repel each other. The free energy of the solid phase of the eutectic alloy 
can be described either by different free energy curves (confound formation) or by a 
single free energy curve with a hamp in between (without confound). The behavior in 
tlie latter is termed partial miscibility in the solid state. 
For the same eutectic alloy in the liquid state, if the magnitude of the 
interactions between the like and unlike species remains qualitatively the same, it is 
plausible to assume that the free energy curve is also described by a smooth curve with 
a hmap in between, ^ ame as its crystalline counterpart, when the tenq)erature is low 
enough. Lideed, due to the relaxed condition on meeting the long range order in the 
' I . 
liquid state, it is very possible that even if there are independent free energy curves in 
the solid state, the free energy curve of the liquid state can still be described by a single 
smooth curve. Again, at high tenqperatures, due to the entropic contribution, the 
molten alloy is a homogeneous liquid. On the other hand, at low temperatures, partial 
miscibility is expected for like species whieh prefer to stay together. 
The phase separation can also be understood through the Gibbs free energy G 
defined asG = H - TS where His the enthalpy, T is the ten^perature of the system and 
S is the entropy. At high ten^eratures, the entropic contribution dominates and 
con^lete mixhig of the constituent atoms is expected. However, at low ten^erature, 
the entropic contribution S is too insignificant to bring about con^lete mixing of the 
different atoms. As a result, H dominates, favoring the clustering of one kind of the 
eonstitueat atoms or phase separation. 
霧 
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Con^ared with its crystalline counterpart, a liquid has a larger configurational 
entropy but smaller enthalpy. Therefore, considering the Gibbs free energy 
G = H - TS，the critical ten^erature Tc of the liquid miscibility gap may be so low that 
the melt has to be undercooled to way below its liquidus Ti in order to uncover the 
phase separation reactions. Experience indicates that upon the cooling of molten 
eutectic alloys, in most cases solidification prevails immediately below Ti. This, of 
IflB： 
course, inhibits the manifestation of the liquid state phase separation of the 
! j i 
undercooled melt. 
Experience [1，2] indicates that deep eutectic alloys with conq>osition near the 
I邏 ^ H 
eutectic composition are good glass formers. Li metallic glass formation by 
conventional rapid quenching methods, e.g. splat quenching and melt spinning, a melt 
V 
is rapidly quenched from above its liquidus, bypassing crystallization, to below the 
glass transition ten^erature Tg. Therefore, metallic glass is a rigid undercooled liquid 
S 
with a viscosity larger than � 1 0 1 5 poise (relaxed state) [3]. The estimated cooling rate 
achieved in these conventional quenching methods is ~ 1 x 106 K s"1 [4]. Therefore, 
during glass formation by conventional rapid quenching, a molten eutectic alloy has 
been e?q>osed to the undercooling regime for a period of � 1 x 10"3 s. Since spinodal 
decon^osition is a spontaneous reaction, if kinetics is allowed and the time spent in the 
metastable undercooling regime is long enough, the microstructures of an as quenched 
undercooled specimen should contain information about the liquid deconq>osition 
• 
reaction. 
Experience indicates that the as prepared glassy metals possess short range 
order but lack long range order. However, Chen and Tumbull [5], Chou and Tumbull 
；-9K 
[6], and Chen [7] observed the formation of another amorphous phase (with different 
霱 
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conq)osition) inside the original amorphous matrix when glassy Pd-Cu-Si, Pd-Au-Si 
and Pd-Ni-P specimens were heated up from below the Tg to slightly above Tg, 
respectively. Therefore, amorphous phase separation has been observed and 
demonstrated in metallic glasses. Unfortunately, upon further heating of the glassy 
specimens, crystallization always interrupts the deconqjosition, i.e. only the early stage 
of the decon^osition is known. Chou and Tumbull [6] had carried out time-dependent 
measurement on the conq>osition variation in Pd-Au-Si at the early stage of the 
transformation by small angle x-ray scattering method and the results are consistent 
with predictions from spinodal decoir^osition mechanism. Later, Tanner [8] observed 
amorphous phase separation in as quenched Zr-Ti-Be by transmission electron 
microscopy (TEM). Over the years, efforts [9，10，11，12, 13] have been devoted to 
'm 
unravel the mystery of amorphous phase separation. 
Since inqrarities are unavoidable in a bulk alloy melt, the glassy specimen 
obtained by rapid-quenching of the bulk mek must still contain those infinities. As 
soon as it is heated up to above the glass transition ten^erature to become a viscous 
liquid, if there are quenched-in nuclei, ctystal growth would occur quite readily on 
these nuclei. When quenched-in nuclei are absent, the kinetics above Tg may be rapid 
enough to allow for heterogeneous nucleation to take place on those heterogeneous 
inqmrities. Therefore, the rapid cooling rate used in the preparation of glassy metals is 
to suppress the heterogeneous nucleation and also homogeneous nucleation from 
M 
happening. Now spinodal decon^osition is a spontaneous reaction. During rapid 
quenching，it is ejected that partial phase separation can still occur. It is interesting to 
s 
• a B i ' 
note that in Tanner's e?q)eriment，apparently the quenching rate is fest enough to 
suppress crystallization, leading to glass formation. Meanwhile，it is slow enough for 
jgB； 
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the phase separation to occur. This experience reflects that in order to get a con^lete 
picture of the decomposition reaction in undercooled molten alloys, it is necessary to 
observe the following conditions. First, the melts have to be undercooled to way below 
Ti. Therefore, heterogeneous infinities have to be removed from the molten 
specimens. Second，the undercooled melts must enter a regime where the nucleation 
frequency for the formation of another liquid phase is appreciable while that of the 
formation of a solid phase is still negligible. Finally, the composition of the eutectic 
alloy melt must be inside the miscibility gap. The second condition above can easily be 
appreciated. In the absence of heterogeneous infinities, the kinetics barrier for a liquid 
nucleus is smaller than that of a solid nucleus. 
It was demonstrated repeatedly that by a fluxing technique [14，15]， 
undercooled molten metals can be undercooled substantially below Ti，the liquidus for 
alloys and the thermodynamic melting ten^erature Tm for pure elemental metals. For 
instance, by fluxing molten PdwNi^o in molten anhydrous boron oxide, it can be 
undercooled to its glassy state bypassing crystallization with a cooling rate of 0.75 
K s"1 [14，16]. Also, molten Ge [15] can be undercooled by as much as 342 K below its 
Tm with a cooling rate of 6 K min'1. In this study, we applied the fluxing technique to 
暴 . 
Pd80Si2o in order to undercool it to way below its Ti. It is expected that when the 
undercooling is large enough, liquid state phase separation would take place in Pd8oSi2o 
for it is a eutectic alloy. Another reason that Pd8oSi2o was chosen as Chou and Tumbull 
St 
[6] had demonstrated that upon heating a glassy Pd80Si2o (with small amount of Au) 
qjecimento slightly above Tg, phase separation occurs. 1 
I 
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Experimental 
To form the alloy, weighed elemental Pd (99.99% pure) and Si (99.9999% 
pure) ingots were alloyed by rf induction melting under Ar atmosphere. 
To remove water from boron oxide (99.995% pure), it was preheated at 
� 1 2 7 3 K for 36 h in a Pt crucible contained in an evacuated (to � 1 0 - 3 Torr) fused 
silica tube. After cooling to room tenq>erature, the anhydrous boron oxide was stored 
in a vacuum desiccator until use. 
The undercooling of molten Pd8oSfeo was carried out in a Transtenq) furnace 
which consists of two concentric fiised silica tubes. A heating coil is wound around the 
inner tube while the outer one is plated with a thin layer of gold on its inner surface. 
The Au coating helps to trap the heat generated from the heating coil from radiating 
away from the fiirnace so as to provide a uniform ten^erature environment inside the 
chamber of the fiirnace. Since the Au layer is very thin, any visible change on the 
specimen surface can be observed directly. The Transtenq) fiirnace is connected to a 
personal computer (PC) which regulates the power into the fiirnace and hence it can 
control a pre-arranged rate of cooling or heating inside the chamber of the fiirnace. 
The detailed e^q>enmental setup can be found in Ref. [15]. 
In the e?q)eriment? a Pd8oSi2o ingot and anhydrous boron oxide were put in a 
dry, cleaned fosed silica tube (i.d. = 11mm, o.d. = 13 mm). The system was then 
heated up to 1273 K by a torch. The high te卿 erature oxide-fluxing of molten Pd80Si20 
by B203 enhanced the removal ofinq)urities from the molten specimen. Prolonged heat 
treatment was applied for � 4 h. After the heat treatment, the system was transferred to 
the Transtenq) fiirnace which was preset at 1273 K, above the liquidus of Pd80Si20. The 
schematic diagram of the experimental setup is shown in Fig. 1. To establish thermal 
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equilibriuin, the system was allowed to sit inside the fiunace under isothermal 
condition for 20 min. Afterwards, the PC regulated the power into the furnace to bring 
the fiirnace to cool down at a rate of 8 K min"1. As a result, the molten specimen was 
simultaneously cooled down at a rate of ~ 8 K min'1. The actual temperature of the 
molten, specimen was read by a thermocouple which was sheathed by another fixsed 
silica tube (i.d. 二 4 nm^ o.d. < 5 mm) and inserted directly into the molten specimen. 
At the conqjletion of crystallizations, the furnace was cooled down to room 
temperature. The undercooled specimen was then removed from the furnace and its 
microstructure was studied in detail The above procedure was applied to many other 
specimens and a correlation between undercooling defined as AT = Ti - Tk where Tk is 
the kinetic crystallization temperature and microstructures can be established. The 
microstructure is analyzed by standard metallography methods and composition 
measurement is carried out with an EDX detector attached to a scanning electron 
microscope (SEM). 
Results 
At small undercoolings (will be defined later), the tenq>erature profile always 
shows two peaks. As undercooling increases, the peaks get closer to each other and 
finally at very large undercoolings (again will be defined later), very often there is only 
one peak though at times two overlapping peaks appear. The maximum undercooling 
recorded by the continuous cooling method (cooling rate = 8 K min"1) described above 
is 300 K Microstructural analysis indicates that based on morphological changes, three 
undercooling regimes can be distinguished. The tenq>erature range of each regime is 
based on the position of the first crystallization peak in the tenq>erature profile. 
30 
Li the least undercooling regime defined as 0 < AT < 190 K, a typical 
temperature profile is shown in Fig. 2. It displays two peaks. The nature of these two 
peaks is not known. Since the starting material is a molten alloy and the final product is 
crystalline, it is suspected that both peaks correspond to crystallizations. In order to 
confirm this supposition, the following experimental procedure had been undertaken: 
• HE 
Since the Transten^ furnace is transparent, crystallization process could be observed 
directly by us. It was found that as a molten specimen was cooled below Ti passing 
through the first peak, the specimen surface remained shiny as if nothing had happened. 
Right after the first peak, the continuous cooling mode was modified to isothermal 
condition and the specimen was subject to mechanical testing. Indeed，mechanical 
Stirring of the undercooled 印 ecimen by the fiised silica tube which sheathed the 
隱 " 
I I thermocouple was still possible indicating that the undercooled specimen was at least 
still partially molten. On the other hand, during stiiring, tiny solid particles were 
I I pp 
brought onto the surfece of the spedmea confirming that the physical state of the 
specimen after the first peak is a liquid in which small crystallites are dispersed. This 
physical state transforms to a co—lete §olid on reaching the second peak for the 
specimen surfece roughened and the fused silica tube could no longer penetrate into 
the specimen. It is therefore concluded that the two peaks shown in Fig. 2 are 
crystaUization peaks. 
In most continuous cooling experiments, after the appearance of the first 
crystallization peak, the second peak occurred at an undercooling of � 2 3 0 K In all 
cases, the onset of the second peak never occurred below AT > 240 K However, after 
；,K 
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the appearance of the first crystallization peak, the second peak could be brought 
about by stirring vigorously the liquid-crystallites mixture with the &sed silica tube that 
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was used to 也ea the the thermocouple from the specimen as mentioned in the 
e7q>erimeiit section. 
A representative microstructure obtained in this undercooling regime is shown 
in Fig. 3. The composition of the long needle-like structure is Pd3Si and the matrix 
consists of Pd and Pd5Si. The former is a dendritic crystallization while the latter is a 
eutectic solidification. The eutectic structure is not clearly shown in this micrograpk 
To illustrate it, a micrograph taken from the same undercooled specimen as in Fig. 3， 
but with larger magnification, is displayed in Fig. 4. The gray area at the upper right 
hand corner is a Pd3Si dendrite. The matrix consists of Pd5Si (background) and Pd 
圓 (spheres). It is obvious from this micrograpli that the matrix has a eutectic 
morphology. Returning to Fig. 3, since Pd3Si appears as dendrites，they must have 
formed initially during solidification of molten Pd80Si20. Therefore, when reflecting on 
the ten^erature profile in Fig. 2，it is clear that the first crystallization peak refers to 
I S 
the dendritic growth vMq the second crystallization peak results from the eutectic 
solidification of the remaining liquid. It is interesting to note that at the boundaries of 
the Pd3Si dendrite, there are Pd protrusions growing into the matrix (Please see Fig. 4 
for details). It is therefore clear that the Pd3Si are seeds for the crystallization of the 
eutectic structure Pd5Si and Pd. 
H M the intermediate undercooling regime defined as 190 K< AT < 220 K, there 
are two crystallization peaks in a typical tenq>erature profile. The thermal history of an 
undercooled specimen with Hie first peak occurring at AT = 210 K is shown in Fig. 5. 
Their peak areas are about the same. After the appearance of the first crystallization 
:！棚. 
peak, the second peak occurs randomly in title ten^erature range from the onset of the 
first peak to AT = 230 K Again, mechanical test shows that the first peak corresponds 
PJHp'； 
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to partial crystallization of the original melt while the second peak refers to the 
crystallization of the remaining liquid. 
The microstnictures of an undercooled specimen solidified in this undercooling 
regime is shown in Fig. 6. Spherical morphologies, characteristics of nucleation and 
growth mode, are found all over the cross-section of the undercooled specimen. The 
large, somewhat darker round objects have a con^osition of Pd3Si while those smaller, 
somev^iat lighter in color, are Pd particles. The background has a conq>osdtion of 
Pd5Si. Conq>ared with the microstructures in the least undercooling regime, there are 
three major diflFerences and one similarity. The similarity is that Pd, Pd3Si and Pd5Si are 
again present. The three differences are discussed below. 
隨 
Con^aring the rmcrostmctures in Fig. 4 and 6，two obvious differences can be 
pinpointed immediately. First, in the least undercooling regime, Pd3Si grows in 
I 
dendritic form which is replaced by spherical morphology in the intermediate 
undercooling regime. Second, in the least undercooling regime the matrix is conq>osed 
I霧： 
entirely of a eutectic structure of Pd and Pd5Si while in the intermediate undercooling 
regime the matrix is mostly con^osed of large Pd precipitates embedded in Pd5Si 
background and eutectic structure of Pd5Si and Pd is scarcely found. The final 
difference is that Pd inclusions are found inside those spherical Pd3Si of the 
intermediate undercooling regime as shown in Fig. 7 (this is the same undercooled 
specimen as shown in Fig. 6，but with larger magnification), but not a single inclusioii 
can be identified in the Pd3Si dendrites in the least undercooling regime. 
There are three types of inclusions inside the spherical Pd3Si. They are marked, 
respectively, by A, B and C as shown in Fig. 8. A and B are Pd5Si and Pd inclusions, 
respectively. C has a more or less concentric structure with Pd enclosed inside a thin 
r 
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layer of PdsSi. The origin of type A and C inclusions appears to be a result of 
coarsening. For instance, at D in Fig. 8，the Pd particle is in the process of being 
engulfed by Pd3Si. However, it must be noted that the Pd and Pd3Si are separated from 
each other by a thin layer ofPd5Si. Another exanq)le is displayed at E in Fig. 8, which 
illustrates the engulfing of the Pd by Pd3Si. It is noted that the Pd and Pd3Si are 
separated from each other by a layer ofPd5Si, which is more visible here than the one 
at D. This coarsening mechanism of course can be extended to explain the formation of 
A. However, an inq)ortaiit consequence of this engulfing process is that the inclusion 
formed by this mechanism always contains PdsSi even if it is just a thin layer. 
The engulfing process observed in the previous paragraph has been attributed 
I:霧 
to coarsening effect. To illustrate this point, a molten specimen was first undercooled 
II 
to AT = 210 K, the undercooling at which the undercooled specimen shown in Fig. 6 
crystallized. Prolonged isothermal annealing was then applied to this molten specimen 
H at AT = 210 K until it crystallized. The microstructure of this undercooled specimen 
was shown in Fig. 9. It is obvious that connectedness has built up here while in Fig. 6， 
the islands are still quite independent of each other. The origin of the connectivity is 
due to coarsening [17]. 
The origin of the inclusion B shown in Fig. 8 will be clear after examining the 
microstructure in the largest undercooling regime discussed below. 
In the largest undercooling regime, i.e. AT > 220 K, there are either two 
overlapping peaks or very often just one crystallization peak. However, in both cases, 
the microstructures of the undercooled specimens are the same indicating that in the 
[l^ E 丨：iS 
latter case, the two peaks are too close to each other to be resolved by the 
thermocouple. The microstructure of a typical undercooled specimen is shown in 
34 
Fig. 10. It displays a connected network. There are indeed two sub-networks in 
Fig. 10. The con^osdtion of the dark regions is PdsSi while that of the lighter areas is 
Pd3Si. Those white spots are Pd particles. The final phases are therefore the same as 
those in the least and intermediate undercooling regimes. The characteristic 
wavelength of this connected structure is 0.8 \im. In general, the wavelength decreases 
with increasing undercooling. Conq>ared with the characteristic size in Fig. 6，the 
characteristic wavelength in the largest undercooling is smaller by more than a factor 
of 30. In other words, there is a sudden refinement, by more than 30 times, in 
microstructure wlien crossing from the intermediate to the largest undercooling 
regime. The spread of the transition region is about 30 °C，which is quite narrow 
(please see the discussions section). 
瞧麵 
The white dots are Pd particles. They can be found either inside or on the 
瞧賺 
surface of the Pd3Si sub-network. For those Pd inclusions in the Pd3Si sub-network, 
they are in direct contact with each other. No Pd5Si layer is detected between them. 
Similarly, for those Pd attaching to outer surface of the Pd3Si sub-network, there is no 
Pd5Si layer found between the interfece of Pd and Pd3Si. In other words, it appears 
that these Pd particles and those B inclusions found in the intermediate undercooling 
regime may share a common origin. 
In order to identify their origins, munerous Pd particles had been examined. M 
a few instances, a microstructure as shown in Fig. 11 is found. The white area in the 
micrograph is Pd, the dark region on the left is Pd5Si and finally the gray area on the 
right is Pd3Si. The point of interest in the micrograph is the diffused boundary between 
Pd and Pd3Si. Since the color of the micrograph reflects qualitatively the local 
co—osition of the undercooled specimen, the micrograph in Fig. 11 indicates that 
35 
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some Pd atoms are diffiising to the left to form the Pd precq)itate, i.e. the Pd particle is 
formed by a division process. A direct outcome is that the original composition of the 
Pd3Si sub-network before solidification has a con^positioii close to Pd3Si, but slightly 
_ richer ia Pd. Upon solidification, Pd precbitates out to allow for the solidification of 
the Pd3Si sub-network. 
Finally, according to Gibbs phase rule, the final crystalline undercooled 
specimen should contain only two phases. However, there are always three phases Pd, 
Pd3Si and Pd5Si present in all the as prepared undercooled specimen. It turns out that 





Li order to facilitate the discussions below, the phase diagram of Pd-Si [18] 
with the Pd rich portion is shown in Fig. 12. 
II Hf . . H For an undercooled specimen with the first crystallization peak falling in the 
1}¾ • p—« 
least undercooling regime, its phases include crystalline Pd, Pd3Si and Pd5Si. The co-
R - j p r 
existence of crystalline Pd3Si and an undercooled liquid below the soMus is not very 
• surprising for the crystal structures ofPd3Si [19]，Pd5Si [19] and Pd are orthorhombic, 
monoclinic and fece centered cubic, respectively. The very different crystal structure of 
Pd3Si from the other two readers it an ineffective seed for the nucleation of crystalline 
Pd5Si and Pd in the remaining undercooled liquid. 
From the phase diagram in Fig. 12，it is not difficult to understand the dendritic 
precipitation in the least undercooling regime as shown in Fig. 3. As an undercooled 
molten Pd80Si20 is cooled below Ti but above the eutectic tenq)erature Te，the 
麵 
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equilibrium phase diagram informs us that upon crystallization, PdsSi precq)itates out 
first. Meanwhile the corr^osition of the remaining liquid becomes more and more Pd 
rich. When the tenqjerature of the system is fiirther cooled below Te, as more PdsSi 
precipitates out, it is likely that the conq)osition of the remaining undercooled liquid 
eventually enters the region of the phase diagram where the reaction is governed by the 
eutectic solidification of Pd and Pd5Si to form the matrix. 
When the onset of kinetic crystallization tenqjerature Tk is below Te but above 
1023 K, the imcrostmctures of an as obtained undercooled specimen are the same as 
tiiose with Tk above Te. It follows then that the transformation behavior discussed in 
J | 
the last paragraph also applies to the present case. 
9 
M the intermediate undercooling regime, the ten^erature profile displays two 
I嫌. 
peaks. Mechanical test confirmed the existence of a solid-liquid mixture after the first 
crystallization peak, same as that in the least undercooling regime. Since the two peaks 
are of nearly equal magnitude, it is proposed here that the first peak corresponds to the 
m 
I f 
crystallization of Pd3Si (with Pd precipitation) and the second peak represents the 
crystallization of the Pd5Si background with Pd precipitates (also with traces of 
eutectic structure of Pd and Pd5Si), in line with the crystallization in the least 
Kit . � undercooling regime. 
I^mB' 
Before analyzang the underlying transformations in the intermediate 
undercooling regime, it is necessary to trace the nature of the B-type inclusions inside 
the spherical Pd3Si. Now the Pd precipitates inside the Pd3Si sub-network in the largest 
undercooling regime and the B-type inclusions in the intermediate undercooling regime 
share one common property. M both cases, the Pd precipitates are in direct contact 
with Pd3Si. There is no Pd5Si between the two phases. Since the Pd particles in the 
矛•；. j 
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largest undercooling are formed by a difiixsion process as SJIOWDL in Fig. 11，it is 
proposed here that the B-type inclusions in the intermediate undercooling regime are 
also formed by a similar division process. A direct consequence of this proposal is that 
before the formation of the spherical Pd3Si in the intermediate undercooling regime, 
the original conqjosition of the liquid in that region is close to Pd3Si, but slightly rich in 
Pd. Upon solidification, as crystalline Pd3Si forms，Pd precipitates out. This argument 
can also be used to explain the precipitation of Pd in the Pd5Si matrix, i.e. the 
_ 
Remaining undercooled liquid" has a conq>osition close to Pd5Si, but richer in Pd. 
Crystallization requires the precipitation of Pd. 
With this transformation mechanism in mind, the difference in the positions of 
the two crystallization peaks in the least and intermediate undercooling can be 
e邓lained. Li the former，after the appearance of the first peak, the second peak in 
most cases would not show up until AT = 230 K Besides, it is apparent that Pd3Si acts 
as seed for the precipitation of Pd which finally leads to the crystallization of the whole 
I specimen (Please see Fig. 4 for details). In the intermediate undercooling, after the first 
peak, the second peak appears randomly, rather independent of the degree of 
undercooling of the specimen. According to the proposed transformation mechanism, 
it is likely that during the first crystallization process, some of the Pd precipitates may 
find themselves attaching to the surface of the Pd3Si. They are then seeds for the 
crystallization of the Remaining undercooled liquid". The appearance of Pd at the 
periphery of Pd3Si is a random process, the second crystallization therefore must also 
appear randomly, 
Con^aring the Pd precipitates ia the intermediate and largest undercooling 
regimes, there is one major difference. In the intermediate undercooling regime, plenty 
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Pd precipitates are found inside the PdsSi matrix. On the other hand, in the largest 
undercooling regime, the Pd precipitates are either found inside or attached themselves 
onto the surface of the Pd3Si sub-network. No Pd precipitate has been found so far 
residing inside the Pd5Si (Please see Fig. 10). 
In the largest undercooling regime, in order to explain the absence of Pd 
precipitates in the Pd5Si background, it is again necessary to reflect on the 
e^erimental findings in the least undercooling regime: The Pd3Si is an effective seed 
for the Remaining undercooled liquid" for AT < 190 K The seeding mechanism is 
through the attachment of Pd onjto the Pd3Si surface (Again please see Fig. 4 for 
details). Now in the largest undercooling regime, the characteristic size of the network 
is very small. During crystallization of the Pd3Si sub-network, Pd can be expelled, but 
still attached to the external surface of the Pd3Si sub-network. Furthermore, it is 
assumed that the Pd3Si sub-network crystallizes before that of Pd5Si sub-network, in 
H line with the crystallization behavior in the least and intermediate undercooling 
regimes. The "remaining undercooled liquid" (which has a conq>osition close to Pd5Si 
but richer in Pd) is now in contact with, invaddition to Pd3Si, also crystalline Pd. The 
latter can now act as seeds for the Pd inside the "remaining undercooled liquid". Now 
the wavelength of the network is only � 1 叫 All the Pd can then migrate from inside 
the still molten sub-network to the already crystallized Pd3Si sub-network. 
Furthermore, it is apparent that a reduction of Pd content in the undercooled liquid 
promotes nucleation of the undercooled molten Pd5Si. This e邓lains the closeness of 
the two crystallization peaks in the ten^erature profile. 
The morphology of an undercooled specimen crystallized in the highest 
undercooling regime exhibits a connected network \Mch is a representative structure 
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of spmodal deconq>ositioii [20]. However, according to Ref. [17]，connectedness is a 
necessary, but not sufficient condition for spinodal deconqjosition. Discrete particles, 
on annealing, can form a connected structure due to coarsening. Mdeed，it was shown 
in the present studies that annealing can transform a microstructure clearly formed by 
micleation and growth to a somewhat connected morphology although sharp comers 
have not been round off yet (Please see Fig. 6 and 9 for details). The critical test for 
spinodal deconq>osition lies in the building up or dying out of composition modulation. 
It was mentioned earlier in the introduction section that Chou and Tumbull [6] had 
used small angle x-ray scattering method to validate that the phase separation has 
occurred in amorphous Pd-Au-Si. Such a method, however, is useless in this work for 
the kinetics are too rapid and we cannot freeze the reaction momentarily to be studied 
by small angle x-ray scattering method. It appears that in order to understand the 
nature of the connected morphology in Fig. 10，we have to look for evidences 
B elsewhere. 
The undercooled specimens from both intermediate and largest undercooling 
regimes cany the same phases, namely Pd, Pd3Si and Pd5Si. We have determined 
e^erimeatally that there is a sharp drop in the characteristic size of the 
microstructures at AT 广 220 K The refinement in microstructures in a narrow 
temperature range cannot be explained in terms of the classical nucleation theory for 
the following reason: When an undercooled molten alloy had been purified thoroughly 
in advance, it can be undercooled to way below its Ti. Otherwise, undercoolability is 
always very limited. M the present studies, purified molten Pd80Si2o was cooled down 
slowly ( 8 K mm"1) and the maxunum undercooling achieved was 300 K Therefore, for 
those crystallizations with onset undercooling < 300 K, they must be brought about 
• , 
圓 • . 
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by heterogeneous infinities. Furthermore, the tenq)erature profiles in Fig. 2 and 5 
indicate that upon crystallization, the crystal growth velocity is still rapid enough to 
raise the overall tenq>erature of the specimen to above the initial Tk. Then according to 
the classical nucleation theory, as a result of the increase in ten^erature of the 
undercooled molten specimen, the nucleation frequencies are reduced drastically due to 
its exponential dependence on ten^erature. Therefore, it is expected that the final 
microstructures of a purified undercooled specimens with AT < 300 K is either a single 
1 | 
crystal or a crystal with just a few grains. In other words, grain refinement is not 
anticipated in purified undercooled ,Pd8oSi2o in accordance with the classical nucleation 
theory. The argument can be generalized to cases where intermediate metastable 
phases occur. 
Grain refinement was first observed by Walker [21] in undercooled Ni. Later, it 
was extended to other systems as well [22，23，24]. Many proposals have been put 
• forward, including re-melting [23] and dynamic nucleation [25], to explain this 
phenomenon. However, the most definitive e?q>erimeiital proof came only recently. 
Leung and Kui [26] demonstrated that grain refinement in Ni is brought about by 
dynamic nucleation. The characteristic features of grain refinement by dynamic 
nucleation in the sharp transition region are a gradual increase of grain size from a site 
where a void has just collapsed and the possible appearance of voids. Another possible 
mechanism leading to grain refinement is by re-melting of dendrites [27]. The 
characteristic features of this mechanism in the sharp transition region are composition 
inhomogeaeity and fragments of dendrites broken up by re-melting. We have carried 
out detailed co卿ositional and microstmctiiral analysis in the transition region for the 
c a s e of Pd8oSi2o. None of the characteristic features mentioned above is found. 
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Therefore, refinement in microstructures observed in undercooled Pd8oSi2o must arise 
from a different source. In other words, the reactions leading to the microstructures in 
the intermediate and largest undercooling regimes are not the same even though the 
phases in the final products are the same. Now we have been able to rule out 
coarsening [17] as a possible mechanism for the connected structure. That leaves us 
only one choice: the connected network as shown in Fig. 10 is due to spinodal 
decomposition. In short, phase separation has been observed in undercooled Pd8oSi2o. 
The observed microstructures are also consistent with this conclusion. Nucleation and 
growth of the phase separation occurs in the intermediate undercooling regime while 
spinodal decomposition takes place in the largest undercooling regime. 
One of the in^ortant questions left is whether the phase separation occurs in 
t ihs undercooled liquid or in the solid state. If phase separation takes place in the solid state, both phase-separated phases (whether by nucleation and growth or spinodal 
I 
_ decon^osition) should have similar structures, e.g. same crystal structure P8]. Now 
the peaks in the tenq»erature profile of continuous cooling experiment of molten 
Pd80Si2o are due to crystallizations. The as formed crystalline phases have very different 
8 crystal structures, i.e. they don't form the right couple for phase separation. 
Furthermore, no metastable intermediate solid state transformation has been recorded. 
Therefore, it can be concluded that the phase separation as observed in undercooled 
molten Pd8oSi2o must have taken place in the undercooled homogeneous meh (The 
thermocouple was not sensitive enough to detect the heat evolved), subsequent 
crystallizations of the phase-separated undercooled melts lead to the two crystallization 
peaks. Since both of the crystallization peaks describe the transformations from melts 
to solids, they are of co卿arable magnitude after taking into account the relative 
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amount of each phase present in the undercooled specimen. Experimental data 
j 
indicates that one of the phase-separated undercooled liquids has a conq)osition close 
to PdsSi but slightly richer in Pd while the other one has a con^osition close to Pd5Si 
1H 
but somewhat richer in Pd. 
It should also be noted that the wavelength of the modulation in Fig. 10 is 
a ^^  • 
about 0.8 fxnL It appears that this is far too long for solid state spinodal decon^osition 
[29] where strain effect most likely cannot be ignored. 
As mentioned earlier, there are two different kinds of transformations in phase 
i I 
separation which are nucleation and growth, and spinodal deconq)osition. The 
I 
I" I morphology in the intermediate undercooling regime is obviously due to nucleation and 
growth while the connected network in the largest undercooling regime is owing to 
spinodal decon^osition. It would be interesting to see if the phase separation can be 
I 
understood through the Pd-Si phase diagram. A hypothetical metastable miscibility gap 
_ 
is ^lowa in Fig. 13. The values with conq>osition Pd8oSi2o are actual data. The actual 
data of other compositions will be published in another paper. 
I s 
The mlcrostructure structure of the matrix in Fig. 6 can now be e冲lained in 
騰’ 
terms of the metastable miscibility gap as diown in Fig. 13. As a molten undercooled 
Pd80Si2o is undercooled into the miscibility gap where the transformation mechanism is 
I 
governed by the nucleation and growdi mode, the original homogeneous liquid is 
phase-separated into two undercooled liquids, say li and 12. It was found 
experimentally that 12 solidifies into Pd3Si and Pd. To understand the solidification 
behavior ofli, the liquidus on the left hand side is extended into the metastable regime, 
yMch encloses li or 'the remaining undercooled liquid". Upon solidification, according 




reaction in this case proceeds with a planar interface in contrast to dendritic growth of 
the PdsSi precipitates in the least undercooling regime. Meanwhile the conq)osition of 
the remaining liquid would be pushed to the eutectic con^position (of Pd and PdsSi). 
Consequently, eutectic structure of Pd and PdsSi is also observed. 
It is interesting to reflect on the glass forming ability of Pd-Si in the light of the 
liquid state phase separation. Eaiier, when formulating the glass forming ability of an 
alloy glass, liquid state phase separation is not anticipated. However, conq>osition 
analysis in this work reveals that the conq>ositions of the spinodal liquids are different 
from that of the original homogeneous liquid, Pd80Si20. Even worse, according to the 
metastable miscibility gap in Fig. 13，with decreasing tenq>erature, the composition of 
m 
one of the spinodal liquids would move closer and closer to Pd3Si which is a 
I 
stoichiometric confound with high melting tenqperature. Consequently, the reduced 
I 
undercooling defined as (Ti - T)/Ti is much higher for the newly formed spinodal 
liquid. This of course in^lies that the glass forming ability of the system is much 
reduced [2]. 
‘ 
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Fig 3 Micorstructure of an undercooled specimen that crystallized inside 0< AT< 
I 
190 K It displays the dendritic precq)itation of Pd3Si (the long needles). The matrix 
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Fig. 4 Enlarged micrograph of the same undercooled specimen as shown in Fig. 3. It 
illustrates the eutectic structure of Pd (dots) and Pd5Si. Note the Pd3Si dendrite at the 
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Fig. 9 Microstructure of an undercooled specimen that had been annealed in the liquid 
state at AT = 210 K for a prolonged period before crystallized. It depicted a connected 
structure originates from coarsening. 
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Fig. 10 Typical microstructure of an undercooled specimen that crystallized with 







Fig. 11 Micrograph sfaLOwing the formation of Pd precq)itation in the largest 
undercooling regime. Since the degree of darkness represents qualitatively the local 
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Fig. 13 Portion of the Pd-Si phase diagram including a hypothetical metastable liquid 
miscibility gap which is the origin of the phase separation reaction. 
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Metastable liquid phase separation in undercooled molten Pd40.5Ni40.5P19 
C.W. Yuen, KL. Lee and H.W. Kui 
Department of Physics，The Chinese University of Hong Kong 
Shatin，N.T., Hong Kong 
Abstract 
It was demonstrated that molten P d 4 0 . 5 N i 4 0 . 5 P 1 9 undergoes liquid state phase 
I separation in Hie undercooling regime AT = Ti - T where 卩 is the Hquidus of 
P d 4 0 . 5 N i 4 0 . 5 P 1 9 and T is the kinetic crystallization ten^erature. Liquid state phase 
I separation by micleation and growth takes place for AT < 60 K wMe that by spinodal 
deconqposition occurs for AT > 100 K For 60<AT< 100 K, microstructure indicates that 
it is the no-theory regime. Finally, during liquid state spinodal deco—osition，a system 
consisting of two liquid network appears initially, which is replaced subsequently by a 
system of three liquid networks before crystallization. 
K^  -' ' '' * 
I 
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Recently, Lee and Kui [1] demonstrated that molten Pd8oSi2o undergoes metastable 
liquid state phase separation (MLPS) in the undercooling regime defined as AT == Ti - T 
v^iere Ti is the liquidus of Pd80Si2o and T is the kinetic crystallization temperature. There 
are two mechanisms for MLPS which are metastable liquid state phase separation by 
I 
nucleation and growth (MLNG), and by spinodal deconq>osition (MLSD). Physically, 
: « • 
MLPS is possible in undercooled molten Pd80Si20 for two reasons. First, it is a eutectic 
alloy and there is apparent partial miscibility in the liquid state deep in the undercooling 
regime. Second, it can be undercooled to a ten^erature regime where the partial 
隱 
I miscibility is revealed. Chen [2]，through thermal analysis by a differential scanning calorimeter (DSC), 
I 
found that glassy Pd40 5N140 5P19 specimens undergo partial phase separation as they are 
heated up from below the glass transition tenq)erature Tg to just slightly above Tg. Further 
I 
I heating would lead to crystallization. Since the phase separation is far from conqpletion, it 
I is difficult to draw meaningful conclusions. M this study, MLPS was investigated by 
reversing the process: Molten specimen, after purification, was undercooled to way below 
I 
its liquidus to allow the phase-separation reaction to take place. Recently, Chen [3] had 
predicted the occurrence of two intermediate spinodal networks before the appearance of 
the final three spinodal networks, for a ternary spinodal system. The ternary alloy 
Pd40.5Ni40.5P19, due to its high resistance to crystallization [4], is an ideal system in 
confirming the prediction. M this paper, we report the MLPS in undercooled mohea 
Pd40.5Ni40.5P19-
Pd40.5Ni40.5P19 specimens were prepared by first melting Ni^ P powder (99.9% pure) 
in a clean fused silica tube under a vacuum of � 1 0 3 Torr. The resulting ingots were then 
put into another clean fiised silica tube together with weighed Pd and Ni granules. 
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Alloying was brought about by rf induction heating under Ar atmosphere. The 
undercooling of molten P d 4 0 . 5 N i 4 0 . 5 P 2 0 was achieved by fluxing the molten specimen in 
molten anhydrous B203 at an elevated ten^erature [4]. 
The crystallization experiments were carried out in a Transten^ fiirnace which is 
m a i n l y con^osed of a heating coil surrounded by a Au plated fused silica tube. Since the 
Au coating is very thin, solidification process can be observed directly. The 
heating/cooling rates of the Transtenq) fiirnace is controlled by a personal eonqmter. 
M the experiment, P d 4 0 . 5 N i 4 0 . 5 P 1 9 ingots and anhydrous boron oxide were put in a 
clean fosed silica tube of outer diameter 11 mm. Then the inside of the fused silica tube 
was evacuated by a mechanical puir^ to � 1 0 - 3 Torr. Next the specimen and the boron 
oxide, both residing at the bottom of the fosed silica tube, were heated up to - 1273 K by 
a torch. The high temperature heat treatment was maintained for � 4 hr to fecilitate the 
removal of heterogeneous iir^urities from the molten specimen. The tenq>erature of the 
I moltea specimen was read by a thermocouple, which was sheathed by another clean fosed 
silica tube of outer diameter 4 mm, immersing inside the molten specimen. The 
thermocouple wdiich was used to record crystallization was connected to a X-T plotter. 
The e邵 erimental details can be found in Ref [4]. 
After the heat treatment, the whole system was transferred to the Transtenq) 
fiirnace which was preset at 1173 K, well above the Ti of P d 4 0 . 5 N i 4 0 . 5 P 1 9 (=935 K). We 
waited for about 20 min. to ensure thermodynamic equilibrium before starting a cooling 
cycle at a rate of 8 K/min. The thermal history including crystallization was recorded by 
the thermocouple described above. 
For AT < 60 K, upon solidification the thermocouple recorded two overlapping 




specimen as viewed through the Transte— furnace remained shiny after the first peak，but 
turned blurred after passing through the second peak. In order to confirm the physical 
state of the specimen after the first crystallization peak, in a separate run, a clean fosed 
silica rod was used to stir the specimen during the entire crystallization process. We found 
I that at the end of the first crystallization peak, stirring was still possible indicating that the 
I 
specimen was partly molten. However, the specimen was quite viscous. In feet, during 
I stirring, small pieces of solids could be brought out onto the surface of the specimen 
confirming that the specimen was a mixture of liquid and small crystalline precq)itates. On 
the other hand, after passing through the second peak，the specimen became a solid for the 
i 1 fused silica tube could no longer penetrate it. The microstructure of a typical undercooled 
:i 
specimen obtained in this undercooling regime is shown in Fig. L It depicts two dendritic 
彳I 
systems. The large, bone-like dendrite has a con^osition of PdsoNL^ by EDX analysis. 
I M the following discussions, they are denoted by a. The eon^osition of the smaller 
dendrites (those with broken branches) is Pd^NUo and they are denoted by p. Basically, 
these two dendritic systems are independent of each other for their orientations have no 
j I correlation. It is noted that most of the P dendrites are located between the larger a 
dendrites. Furthermore, there are many p dendrites attaching to the tips of the side 
p 
j I branches of a a dendrite. It can therefore be concluded that the a dendrite is a seed for the 
1 
I � P dendrite. 1 - The environments of the oc and p dendrites are very different. The a dendrites are I. • I 
surrounded by a ternary eutectic, for example, the region indicated by a white arrow lying 
right next to the a dendrite as shown in Fig. 2. The ternary eutectic consists of Pd30Ni45P25 
• or a (dark lines), Pd^lSfe�or p (vAntc lines) and Pd7�Ni8P22 or y (background black 
W-'： 
I 
64 i K 
I 
patches). These phases are sunilar to that found in undercooled PdwNiwfto as reported in 
I Ref[5]. 
The P dendrites are surrounded by a binary eutectic vMch in turn is surrounded by 
a thin layer at its outer boundary. A typical exan^le，vMch is indicated by a white arrow, 
is showa in Fig. 2. The binary eutectic consists of Pd70Ni«P22 or y (dark patches) and 
Pd4oNi6o or P (white lines). The third phase at the rim as shown in Fig. 2 is a. 
Now we have two independent dendritic systems which are surrounded by 
different eutectics and there are two overlapping crystallization peaks. The solidification 
mechanism and microstructures can only be e?q)lained as follows: In this undercooling 
regime, the original homogeneous undercooled liquid has phase-separated into two 
undercooled liquids, denoted by li and 12，respectively. Upon crystallization, a dendrites 
grow, say, in li first. They trigger the crystallization of P dendrites as soon as the tq> of the 
growing a dendrites touch a neighboring 12 liquid droplet. The heat released from a and p 
gives rise to the first crystallization peak. The remaining part of the specimen at this 
moment is still molten. This e邓lains vs^y after the first crystallization peaks, the specimen 
still has a shiny sur&ce and we could stir it with a fused silica rod. However，the a and p 
deadrites can act as seeds for the remaining liquids resulting in the ternary eutectics and 
• the binary eutectics (witii the third phase at the boundary), respectively which exhibit 
themselves in the second crystallization peak in the thermogram. The details will be 
：5 
discussed in another paper. 
Li Fig. 1，the size of the dendrite is very large, esp. the a d纽drites. Li addition, 
there is no 即 atial alternation of the a and the P dendrites, Le. no network morphology. It 
can therefore be concluded that the MLPS as observed above must have taken place by 
nucleation and growth, Le. MLNG. The MLNG also implies that there is no con^lete 
65 
miscibility in the metastable liquid. If the free energy curve of the undercooled liquid vs 
composition is a smooth curve, such as that of the free energy curve of the liquid phase in 
monotectic system, microstructures that are characteristic of spinodal decomposition 
should be revealed in the somewhat deeper undercooling regime. In the following，such 
microstructures are shown and discussed. 
For 60 < AT < 100 K, the microstructure of a typical undercooled specimen 
consists of two networks of different compositions and tiny islands. The micrograph of a 
typical island together with its neighboring networks is shown in Fig. 3, Except near the 
boundary, the con^osition of the island is Pd3oNi45P25 or a. A concentration gradient is 
found at the boundary between the island and its neighboring networks, which is 
qualitatively reflected by the degree of darkness at that region as shown in the micrograph. 
The dimension of the a islands is substantially larger than its neighboring network which 
are almost of uniform size ruling out the possibility that a-island formation is due to 
coarsening. It is apparent that the a islands are dendritic in nature, same as those of the a 
dendrite in the undercooling regime with AT < 60 K It is noted that the coexistence of 
tiny nuclei and spinodal networks, and the concentration gradient at the interface of the 
nuclei and their neighboriiig networks are the characteristic features in the diffuse 
transition regime from nucleation and growth to spinodal decomposition [6，7, 8，9]. 
For 100 < AT < 160 K, the characteristic microstructure is a purely random 
connected network. The microstructure of an undercooled specimen that crystallized at 
AT = 100 K is displayed in Fig. 4. It depicts two networks intermixing with each other. 
The characteristic wavelength is � 0 . 5 i^m. The coiiq)ositions of the two networks are 
Pd37Ni42P2i (grayish white) and Pd^NfegPis (black), respectively and they are different 
from those observed in the undercooling regime, AT < 60 K 
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An undercooled specimen that was prepared by continuous cooling with AT = 150 
K is shown in Fig. 5. Three networks are identified and the overall dimension of the 
system is substantially reduced when conqmring with that in Fig. 4. The conq>ositions of 
the three networks are P, y and Pd35Ni4oP25 (denoted by a'), respectively. In the least 
undercooling regime, AT < 60 K, the stable crystalline phases are a, P and y，respectively, 
a and a ' deviate only slightly from each other. Con^ared with the undercooled specimen 
in Fig. 4, the undercooled specimen shown in Fig. 5 had undergone a longer period of 
annealing in the metastable liquid state. It is apparent that with sufficient annealing time, 
the two networks shown in Fig. 4 would deco卿ose into three networks as predicted by 
Chen [3] for a ternary system. Bi other words, the conq)ositioii/phases observed in Fig. 4 
are the intermediate states. The detailed decomposition behavior will be discussed in 
another paper. 
Based on the morphologies observed for undercooled specimens with AT > 60 K, 
it is concluded that metastable liquid state spinodal decomposition MLSD also takes place 
in undercooled molten P d 4 0 . 5 N i 4 0 . 5 P 1 9 . 
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Fig. 1 Cross-section of a typical undercooled specimen in the undercooling regime with 
AT < 60 K showing two different dendritic systems. 
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Fig. 2 SEM micrograph depicting that the a dendrite is surrounded by a ternary eutectic 














Fig. 4 Cross-section of an undercooled specimen with AT = 100 K displaying the two 
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Recently, it was demonstrated that when molten PdsoSi2o alloy [1] and 
‘ , 
Pd40 5Ni40.5Pi9 [2] alloy axe undercooled to way below their liquidus Ti? liquid phase 
separation occurs both by nucleation and growth and spinodal deconqjosition. 
Liquid phase separation is expected to occur in these alloys for they are 
eutectic systems, that is, the enthalpies of mixing are positive. At high temperatures, 
the negative entropic contribution to the free energy of mixing forces con^lete mixing 
of the constituent atoms in the melt. However, when the tenqjerature is low enough, 
I the positive enthalpy of mixing dominates, resulting in the clustering of the same 
叩 ecies of the constituent atoms in the highly undercooled liquid state. Even so, phase 
separation still cannot have enough time to proceed if the melt is quenched too rapidly 
to the glass state. Therefore, phase separation can occur at low enough ten^peratures 
only \viien the kinetic condition is favourable, for exanqjle, when the quenching rate is 
slow.� 
In the undercooling experiments of Pd80Si20 alloy [1] and P d 4 0 . 5 N i 4 0 . 5 P 1 9 alloy 
j l [2】，we employed the glass fluxing technique [3] to purify the melt so as to achieve 
high undercoolings with a slow cooling rate (8 K/min) to bring about the occurrence 
I of the liquid phase separation. For Pd80Si20? we found that when a homogeneous melt 
I i s undercooled by AT where 190 K < AT < 220 K, it would phase separate into two 
• Kquid phases by nucleation and growth, giving rise to spherical morphologies on 
• solidification. At higher undercoolings \^iere AT > 220 K, the homogeneous melt 
would phase separate into two interconnected liquid phases by spinodal 
• 
I 
decomposition. As a result, a metastable liquid miscibility gap was proposed, which is 
plotted on the Pd-Si phase diagram as shown in Fig. 13 in chapter two. 
The metastable spinodal liquid structure is a novel structure in metallic system. 
J 
It is interesting to study the crystallization behavior of this phase separated liquid. In 
I 
this chapter, the crystallization of PdsoSi2o spinodal liquids was studied. 
I • 
Experimental 
The experimental procedure is basically the same as described in chapter two. 
Only a brief description is given here. Elemental Pd and Si ingots, weighed in right 
proportion, were put into a clean fosed silica tube and alloying was brought about by 
radio frequency (rf) induction heating. In the experiment, the Pd8oSi2o ingot as 
prepared and anhydrous B203 (fluxing agent) were inserted into a clean fiised silica 
tube. The tube was maintained at a vaccum of ~10-3 Torr by a mechanical pmnp and 
I 
the whole system was heated at a ten^erature of �1400 Kby a torch for about 4 h to 
purify the molten specimen. Then it was transferred into a furnace pre-set at 1273 K, 
well above the liquidus ofPd80Si20. The tett^erature of the specimen was detected by a 
thermocouple was sheathed by another small fused silica tube and inserted into 
the specimen. After the establishment of thermal equilibrium between the molten 
U specimen and the furnace, the furnace was allowed to cool down at a rate of 10 K/min 
until the molten specimen crystallized. Then the specimen was taken out from the 
_ fomace and cooled to room ten^erature. The specimen was cut, polished and etched 
76 
9 
in an etchant of HC1:HN03:H20 = 5:1:3. The imcrostructure of the spedmen was 
examined by optical and electron microscopy. 
. 
！ Results 
According to our previous result [1]，the critical tenqjerature of the spinodal 
region ofPd80Si20 is 993K, or AT = 220K Li order to study the crystallization of the 
spinodal deconq)osed melt, a series of undercooled specimens were prepared with the 
onset of kinetic crystallization ten^erature Tk lower than 993 K, that is, AT > 220 K 
The largest undercooling achieved (before the crystallization) was 300 K The 
recalescence peaks in the tenq>erature profiles of the specimens due to the latent heat 
released on crystallization are either a single peak or occasionally two overlapping 
peaks. No heat released due to the liquid spinodal deconqjosition is detected in the 
tenq>erature profiles. The duration of the crystallization process is about 1 s or less. 
Under optical microscope (x 1000), the surfaces of the as formed specimens display an 
isotropic fine structure of two interconnected phases. After cutting, polishing and 
etching, the cross-sections of these specimens show a imcrostructure con^osed of 
coarse grains with a fine network structure overlapping on them. Jn a few specimens, 
the coarse grains form a radial dendritic pattern. Details of these microstructures are 
described as follows. 
The cross-section of a typical specimen crystallized at AT = 280 K exhibits a 
I characteristic isotropic spinodal structure, as shown in Fig. 1. By EDX analysis, the 
I connected network is found to be Pd3Si and the background is Pd5Si. Hie white dots 
77 
scattering on the network are pure Pd. The dimensions of the network is about 1 ^ im. 
This structure of Pd3Si network covers most of the cross-sectional area of the 
q^ecimen. The orientation of the branches of the network is basically isotropic, but a 
bit alignment of the branches is occasionally observed in a few locations of the cross-
section. The white Pd spots distribute inside or at the edge of the Pd3Si network, but 
I 
not inside Pd5Si The Pd5Si background is made up of much larger grains which can be 
丨 
recognized under low magnification，as shown in Fig. 2，in which the large Pd5Si 
grains superpose with the fine structure of Pd3Si network. The sizes of the grains 
range roughly from 0.1 mm to 1mm. The shapes and the boundaries of the grains are 
quite irregular. 
Fig. 3 is the magnified picture of Fig. 2 showing the grain boundary. The 
darker and the lighter portions correspond to two different grains of Pd5Si. The 
structure of the network of Pd3Si appears to be independent of the grain boundary of 
Pd5Si. The network ofPd3Si is not broken or distorted by the grain boundary ofPd5Si. 
Lideed，it crosses the boundary freely. Therefore, it is obvious that the Pd3Si network 
crystallizes before the solidification ofPd5Si. This is in accordance with our previous 
observation in the ten^erature regime above the spinodal region that the 
crystallization ofPd3Si always precedes that ofPd5Si [1]. 
In two particular specimens that crystallized at AT = 260K and AT = 270K, the 
cross-sections display a radial dendritic structure ofPd5Si grains as shown in Fig. 4. 
Under high magnification, the structure of the Pd3Si network is basically the same as 
that in Fig. 1，but somewhat aligns radially (discussed in the next paragraph). Since 
78 
there is a radial symmetry for both phases PdsSi and PdsSi, the center of the radial 
structure in Fig. 4 is therefore the origin of solidification for both phases. On the other 
hand, the PdsSi network can also cross the grain boundaries of the PdsSi dendrites 
freely as in Fig. 3. Hence, the Pd3Si network still solidified first before the dendritic 
growth ofPdsSi. 
The origin of solidification in Fig. 4 is fiirther examined by SEM，as shown in 
Fig. 5. The width of the branches of the Pd3Si network is about 0.6 |nm, which is the 
finest dimensions of the Pd3Si network in the specimen. This area of finest network is 
isotropic and it covers about 100 |im x 100 pm Beyond this isotropic area，the Pd3Si 
I network gradually aligns radially, as shown in Fig. 6. The alignment causes elongation, 
necking and clustering of the branches of the network. This radial alignment gradually 
I disappears and ends up finally with a coarsened ( � 2 |Lim) isotropic network of Pd3Si as 
shown in Fig. 7. Con^aring Fig. 5 and Fig. 7，the network in the starting area of 
| | 
solidification is finest and well-connected while the network some distance away is 
coarsened, rounding off and nearly broken. 
The specimen that crystallized just below the spinodal curve (AT = 220 K) 
1 shows a somewhat different morphology. In the specimen that crystallized at 
AT = 230 K, there is only a small region of fine spinodal structure. This region covers 
an area of roughly 500 Jim x 500 |im and the microstructure is similar to Fig. 4: a 
coarse, radial structure ofPd5Si dendrites superposed by a fine, radially aligned Pd3Si 
network (the network is also isotropic in the central portion). Beyond this region, the 
79 
fine network of Pd3Si gradually breaks up (Fig. 8)，coarsens and finally grows into 
large dendrites ofPd3Si, as shown in Fig. 9. 
We have also prepared specimens which were cooled in air after fluxing and 
crystallized in the spinodal region. The cooling rate was � 2 0 K/s, about two orders 
fester than the above method. The duration of crystallization was observed to be about 
0.1 s. The microstructure of an as prepared specimen that crystallized at AT = 280 K is 
shown in Fig. 10. When collaring Fig. 1 and Fig. 10，which correspond to two 
specimens both solidified at AT = 280 K but with different cooling rates, the major 
difference is that the Pd3Si network of the air-cooled specimen is better connected and 
less rounded off. The dimensions of the Pd3Si network of the air-cooled specimen is 
_ 
I about 0.8 pm The overall morphology of the spinodal network of the air-cooled 
specimens looks more homogeneous, isotropic and has better connectivity. 
Discussion 
• Summarizing our observations, we propose the crystallization process as 
follows, in view of the liquid miscibility gap in Fig. 13 of chapter two. 
I I 
When a purified melt of Pd80Si20 is cooled down at 10 K/min, it will be 
undercooled below the solidus and reach the liquid miscibility gap at AT = 190 K If 
-
the melt has been sufficiently purified, it can bypass the region of liquid phase 
I separation by nucleation and growth without being phase separated. Therefore, it is 
still homogeneous on reaching the liquid spinodal region at AT 二 220 K At 
I ‘ 
AT = 220 K and below, it undergoes spinodal deconqjosition, resulting in two 
80 
networks of undercooled liquid phases. The con^osition of one of the two liquid 
phases is close to the conq)osition ofPdsSi (called liquid network A in the followings) 
and the other is close to the con^osition ofPd5Si (called liquid network B) according 
I to the liquid miscibility gap proposed (Fig. 13 in chapter two). Then, on fiuther 
undercooling, the con^osition of the liquid network A will shift more and more close 
to that ofPd3Si. Since the melting point of Pd3Si is 1343 K, the liquid network A is in 
fact much more undercooled than the liquid network B. Therefore, the liquid network 
A will suddenly crystallize first while the liquid network B is still in an 皿dercooled 
liquid state. 
M the region where solidification starts, the liquid network A, with its 
I con^osition close to but not exactly equal to Pd3Si, crystallizes to form an isotropic 
Pd3Si network and small Pd crystallites are precipitated out to the edge of or inside the 
Pd3Si network (Fig. 5). The original morphology of the liquid network A is therefore 
frozen on solidification in this region. When the solidification interface of the liquid 
network A advances radially outward, the volume contraction on crystallization will 
pull the liquid network A in front of the interface, causing radial alignment and 
elongation of the branches of the liquid network A. Meanwhile，the latent heat released 
I 
due to crystallization raises the ten^erature of the whole specimen and hence the 
I wavelength of the liquid spinodal increases gradually from � 0 . 6 |im at the starting 
point of solidification to � 2 |nm at far away. The rise in tenqjerature also causes 
1. 
gradual coarsening, rounding off and necking of the liquid network away from the •； • 
initial solidification center. Then, the arrival of the solidification front of the Pd3Si 
81 
network freezes all these distorted morphologies of the liquid network A (Fig. 6 and 
I F ig . 7) . 
As the crystallization goes on in the liquid network A, the liquid network B is 
still an undercooled liquid. Then the precipitation of Pd at the edges of the Pd3Si 
network from B drives the conq>osition of B to PdsSi. At the initial crystallization site 
ofPd3Si, it is e jected that the remaining undercooled liquid B reaches a con^osition 
ofPd5Si first and starts the crystallization of B. It then grows out dendritically (Fig. 4). 
The polycrystallinity of Pd5Si grains can be well explained by the abundance of 
numerous Pd seeds precipitated during the crystallization of the Pd3Si network. 
I The specimen that crystallized at AT = 230 K, just below the spinodal curve, 
I clearly shows the effect of tenq>erature inversion on a spinodal liquid. When the 
specimen was undercooled more than 220 K and then crystallized at AT = 230 K, the 
墜 I 
fine structure of the spinodal decon^osed liquid was frozen on solidification only in a 
small region around the starting area of crystallization. Then, the latent heat released 
raised the ten^erature of the specimen above the liquid miscibility gap. Hence the 
remaining spinodal liquid transformed back to a homogeneous liquid before the arrival 
I 
K 
of the solidification front. Since the homogenized liquid was still at an undercooled 
temperature, the solidifying branches of the Pd3Si network then became dendritically 
隨 
growing into the remaining undercooled liquid, forming large dendrites of Pd3Si 
I (Fig- 9). � 
Finally, the morphology of the air-quenched specimen can be understood in 
I terms of the fest crystallization rate. As the crystallization rate of the air-quenched 
82 
I 
specimen was observed to be a few times faster than that of the slowly cooled 
specimens, there would be much less time for any rearrangement or distortion of the 
liquid spinodal network. Hence, the homogenity，isotropy and connectivity of the 
original liquid spinodal structure were much better preserved in the crystalline state of 
the air-queaclied specimen (Fig. 10). 
In conclusion, a metastable spinodal decon^osed melt of Pd80Si20 crystallizes 
to form a fine interconnected structure of crystalline Pd3Si and Pd5Si. The 
I 睡1 crystallization ofPd3Si sub-network always precedes and triggers the crystallization of 
I . 醒 
Pd5Si sub-network. After solidification，the original isotropic spinodal structure of the 
I melt is basically preserved in the crystalline state but partially distorted by the aligning 
effect due to volume contraction and the coarsening effect due to latent heat released 
during crystallization. 
A m ‘ 
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I 1. Chapter two of this thesis. 
II 2. Chapter three of this thesis. 
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Fig. 3 Grain boundary of Pd5Si superposed by the Pd3Si network. The darker and 
lighter region correspond to two different Pd5Si grains. 
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Fig. 4 PdsSi dendrites growing out from the solidification center. (The dendrites are 
also superposed by a fine network ofPd3Si) 
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Fig. 6 Alignment of the Pd3Si network beyond the solidification center in Fig. 4. 
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Fig. 8 Breaking of the Pd3Si network in the specimen crystallized at AT = 230 K . 
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Fig 10 Microstructure of the air-cooled specimen crystallized at AT = 280 K 
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